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Abstract: The objective was to examine the association between maternal smoking during pregnancy
(SDP) and (I) severity and (II) directionality of externalizing and internalizing symptoms in a sample
of sibling pairs while rigorously controlling for familial confounds. The Missouri Mothers and Their
Children Study is a family study (N = 173 families) with sibling pairs (aged 7 to 16 years) who are
discordant for exposure to SDP. This sibling comparison study is designed to disentangle the effects of
SDP from familial confounds. An SDP severity score was created for each child using a combination
of SDP indicators (timing, duration, and amount). Principal component analysis of externalizing and
internalizing behavior, assessed with the Child Behavior Checklist and Teacher Report Form, was used
to create symptom severity and directionality scores. The variance in severity and directionality scores
was primarily a function of differences between siblings (71% and 85%, respectively) rather than
differences across families (29% and 15%, respectively). The severity score that combines externalizing
and internalizing symptom severity was not associated with SDP. However, a significant within-family
effect of SDP on symptom directionality (b = 0.07, p = 0.04) was observed in the sibling comparison
model. The positive directionality score indicates that SDP is associated with differentiation of
symptoms towards externalizing rather than internalizing symptoms after controlling for familial
confounds with a sibling comparison model. This supports a potentially causal relationship between
SDP and externalizing behavior.
Keywords: genetically-informed designs; prenatal exposure; tobacco; health consequences;
sibling comparison
1. Introduction
Maternal smoking during pregnancy (SDP) remains one of the most common environmental
exposures compromising fetal health. Despite a decreasing trend of SDP in most developed countries,
research suggests that young and low-educated women continue to be at a higher risk for SDP and
over 50% of women who smoke during early pregnancy continue to smoke throughout pregnancy [1].
Critically, SDP is associated with multiple adverse pregnancy complications [2] as well as prenatal and
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perinatal outcomes, including preterm birth, low birth weight, smaller head circumference, and an
increased risk for sudden unexpected infant death [3,4]. Further, exposure to SDP seems to alter child
brain structure and function [5,6], which may be the starting point for a cascade of alterations in
offspring behavior across the life span.
Multiple studies have linked SDP and externalizing problems across diverse samples and
developmental periods [7–12]. Alternatively, few studies have found an association between SDP and
internalizing problems [13,14] with the majority of studies reporting null results [8,10,15]. Externalizing
behaviors are characterized by rule breaking, hyperactive, and aggressive behavior. These may
predispose later juvenile delinquency, adult crime, and violence [16]. Additionally, internalizing
behavior are characterized by withdrawn, anxious, and depressed behavior that is not always evident
to others [16]. Early internalizing behaviors have been linked to later depressive and mental health
symptoms and lower educational attainment [17].
It has become essential for studies examining the effect of SDP on child behavior to use
quasi-experimental designs, for example comparing siblings with discordant exposure to SDP,
to disentangle the effects of SDP from familial confounding factors, including genetic influences [4,18].
Studies using genetically informed designs have provided evidence that genetic and family factors
explain a portion, or all, of the association between SDP and externalizing problems [12,19–22].
In regard to internalizing behavior, to our knowledge, there has been only one study using a genetically
informed study that found no association between SDP and internalizing behavior [15].
It is also important to incorporate reports from multiple informants that view the child from
different perspectives and in different contexts, to be able to gain a more comprehensive picture of
child behavior [23–25]. For example, we found in our previous sibling design study [12] a significant
association between SDP and disruptive behavior when using a multi-rater approach that capitalizes
on both parent and teacher report. On the contrary, two previous studies found that the effect of SDP
on externalizing behavior, assessed only by maternal report, was fully attenuated utilizing a sibling
comparison design [19,20].
Both externalizing and internalizing behavior, as outcomes and predictors of later behavior, have
been studied extensively in youth [26]. The main methodological issue of previous studies stems from
a failure to account for (I) the epidemiological comorbidity of externalizing and internalizing behavior,
as well as, (II) that the risk factors for both appear much the same [24,26–28]. In most studies, the effect
of SDP on these behaviors has usually been studied separately because of the collinearity problem if
both measures are included simultaneously into the model [27]. A handful of studies on externalizing
and internalizing behavior have addressed this issue by creating (I) a severity score of the two domains
that represents what the two domains have in common, and (II) a directionality score that represents
how the domains differentiate, that is, whether the child has a propensity towards externalizing vs.
internalizing problems regardless of symptom severity [24,27–29]. These scores are orthogonal and
can be analyzed separately. We use this unique method to account for co-morbidity of externalizing
and internalizing behavior within individuals.
The present study sought to examine the associations between SDP and (I) severity and
(II) directionality of externalizing and internalizing behavior assessed by multiple reporters. Further,
we use a sibling design approach that can be used to strengthen causal inferences regarding environmental
risks. This design controls rigorously for familial confounding including genetic influences.
2. Methods
The Missouri Mothers and Their Children study (MO-MATCH) is a family study specifically
designed to leverage the sibling comparison approach to examine the effects of prenatal smoking
exposure on child behavioral problems and associated learning and cognitive deficits [30]. Families of
the MO-MATCH study were identified using birth records obtained from the Missouri Department of
Health and Senior Services Bureau of Health Informatics. Families where mothers changed smoking
behavior between two pregnancies for child’s birth years 1998–2005 were identified (N over 4000).
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A screening interview was conducted for 1520 families to verify SDP information from the birth
record. The mothers (N = 413) whose interview information (I) confirmed a history of regular smoking
(i.e., smoking more than 100 cigarettes lifetime) [31] and (II) aligned with the birth record, were invited
to participate in the study. Families were excluded if (1) mothers failed to understand the elements
of informed consent; (2) English was not the primary language spoken in the home; (3) children had
a history of head trauma, neurological disorders, or uncorrected visual or auditory acuity deficits;
and (4) mothers used nicotine substitutes in the “nonsmoking” pregnancy. The final study population
consisted of 173 families, including 344 pregnancies (including both siblings from each family). A total
of 54% (N = 94) of fathers participated in the study. Ninety-six percent (N = 250) of the parents were
of Caucasian ancestry. In general, the MO-MATCH sample is comparable to the state of Missouri
in marriage rates and rates of parents reporting completing “some college;” however, MO-MATCH
shows higher rates of tobacco use than state averages because of the recruiting criteria. The sample
demographics are presented in Table 1.
Table 1. Sample characteristics.
Study Variables
Child 1 Child 2
N Mean SD N Mean SD
SDP Severity 173 3.95 2.05 171 2.04 1.77
Outcome variables
Externalizing symptoms 1 165 9.20 8.00 164 9.63 9.60
Internalizing symptoms 1 165 9.68 8.35 164 8.93 7.33
Severity 165 0.01 1.00 164 −0.01 1.01
Directionality 165 −0.07 0.96 164 0.07 1.04
Covariates
Maternal age at birth 162 26.48 5.55 163 29.22 5.75
Maternal education (in years) at birth 162 13.28 2.12 163 13.50 1.94
Second-hand smoke exposure by fathers 171 1.84 1.44 161 1.15 1.43
N % N %
Sex (male) 91 53 87 51
Marital status (percent married) at birth 155 85 159 83
Food stamp usage at birth 149 9 150 13
Family demographics (at assessment) N
Maternal age 162 39.83
Paternal age 80 44.04
Child 1 age 173 12.99
Child 2 age 170 10.19
Child age difference 170 2.79
Maternal Paternal
N % N %
Education
Less than High school 7 4 9 10
High school 30 18 19 20
1–2 years college 50 30 14 15
3–4 years college 46 27 17 18
More than college 29 17 21 22
Not reported 7 4 14 15
Mother’s marital status





Smoking during pregnancy (SDP). N reflects the sample size with valid data and vary due to random missing data
in the birth record. 1 The externalizing and internalizing scores are presented as raw scores, which were square root
transformed due to skew in the residuals for all the analyses.
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The study was approved by the Institutional Review Boards of Rhode Island Hospital
(IRB 1—#00000396 and IRB 2—#00004624), Washington University (#FWA00002284), the State of
Missouri Department of Health and Senior Services (#10-0300), and Purdue University (#FWA00001548).
2.1. Smoking during Pregnancy
A modified version of the Missouri Assessment of Genetics Interview for Children
(MAGIC)—Parent on Child was used to obtain information on maternal self-report of SDP [32].
The MAGIC interview has a high reliability (kappa = 0.60−0.66) and stability (kappa = 0.95) for
maternal reporting about their pregnancies including information on smoking behavior [33]. Previously,
retrospective self-report of maternal SDP, compared to the predictive utility of both birth record report
and paternal report of maternal SDP, was found to be the best measure of SDP in the MO-MATCH
data [34]. Thus, the following indicators were used to create a SDP severity score: (a) Any SDP
(No = 0, Yes = 1) across each pregnancy as a whole and specific to each trimester, and (b) overall
quantity smoked during pregnancy via mothers’ estimate of the number of cigarettes smoked in each
trimester. Continued SDP has been found to be potentially more harmful [35,36], and thus, the SDP
severity score included also timing of exposure. A single SDP severity score was created for each child
consistently with prior reports [12,21,22,34,37]:
1. did not smoke during pregnancy;
2. smoked during 1st trimester only, cigarettes: 1–10 per day;
3. smoked during 1st trimester only, cigarettes: 11–19 per day;
4. smoked during 1st trimester only, cigarettes: 20+ per day;
5. smoked beyond 1st trimester, cigarettes: 1–10 per day (maximum of all trimesters);
6. smoked beyond 1st trimester, cigarettes: 11–19 per day (maximum of all trimesters); and
7. smoked beyond 1st trimester, cigarettes: 20+ per day (maximum of all trimesters).
The sensitivity analyses included the following alternative SDP variables: (I) SDP yes/no:
a binary indicator of whether mothers smoked during a given pregnancy, (II) Sum quantity across
trimesters: a continuous sum score of the quantity variables for each trimester, (III) Maximum quantity:
a continuous variable which was equal to the quantity for the single trimester in which the mother
reported smoking the most, and (IV) Number of trimesters smoked: an ordinal variable indicating the
number of trimesters in which mother reported SDP (0, 1, 2, or 3). The correlations between the single
SDP severity score and each of these alternative SDP variables were as follows: SDP severity with SDP
yes/no (r = 0.80, p < 0.05), with Sum quantity (r = 0.74, p < 0.05), with Max quantity (r = 0.69, p < 0.05),
and with N trimesters smoked (r = 0.94, p < 0.05).
2.2. Child Behavior
Child externalizing and internalizing behavior was assessed via maternal-report on the Child
Behavior Checklist (CBCL) [38] and teacher-report on the Teacher Report Form (TRF) [39]. The coefficient
alpha’s for internalizing was 0.90 and for externalizing symptoms was 0.94 for the CBCL and 0.90 and
0.95 for the TRF, respectively [40]. The test-retest reliabilities were high for both internalizing (0.91) and
externalizing symptoms (0.92) for the CBCL, as well as, for the TRF (0.86 and 0.89, respectively) [40].
The children were 7–16 years old when the assessments occurred. The mean age difference between
the siblings was 2.8 years (SD = 1.54) (Table 1). The CBCL and TRF assess behavioral symptoms over
the previous 6 months on a scale of 0 (not true) to 2 (very true/often true). The TRF was available for
only part of the study population (220 of 344 children). TRF data was missing at random in relation to
SDP severity (χ2, p = 0.23) and birth order (χ2, p = 0.71). We had reports from two different teachers in
95 cases, and thus similarly to prior reports [12,21], we used the “or” rule to obtain a single, maximum
teacher-rated score per child for each item in these cases [41,42]. Having only one vs. two TRF was
random in relation to SDP severity (χ2, p = 0.62) and birth order (χ2, p = 0.27).
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The multi-rater scores were created identical to our prior reports for whom the data was
available [12,21]. The “or” rule was applied for each item that was assessed both in CBCL and TRF [41,42].
If the item was asked only on the CBCL or on the TRF, this was included directly in the maximized
multi-rater score. The externalizing multi-rater score consisted of 39 items (Cronbach’s α = 0.92) and
the internalizing multi-rater score of 35 items (α = 0.88).
To include both externalizing and internalizing symptoms in the same model without
issues of multicollinearity (correlation of 0.49, p < 0.001), we conducted a principal component
analysis of the externalizing and internalizing multi-rater scores to create symptom severity and
directionality scores [27,29]. The severity score represents what the two scores have in common,
i.e., symptom severity, regardless of whether the symptoms fall on the internalizing versus externalizing
spectrum. A high severity score indicates high levels of problems, whereas a low severity score indicates
low levels of problems regardless of type. The externalizing and internalizing symptoms loaded equally
and strongly onto the severity score (factor loadings = 0.86). The symptom directionality score represents
what differentiates the two behavior scores. The factor loadings for the directionality score are equal in
weight but opposite in direction for externalizing (0.51) and internalizing (−0.51) symptoms. This means
that a high positive directionality score indicates a propensity toward externalizing symptoms and
high negative directionality score indicates a propensity toward internalizing symptoms. Together,
severity and directionality scores account for 100% of the variance in symptoms. The severity score
explained 74% of the variance.
We performed sensitivity analyses by using the separate externalizing and internalizing multi-rater
scores instead of severity and directionality scores. The residuals of the hypothesis-testing models
were skewed, thus, the multi-rater composite scores were square root transformed.
2.3. Child and Familial Covariates
We chose to use consistent covariates with previous genetically informed studies of SDP
and behavioral outcomes [12,19,21,22,43]. These comprised of (1) maternal age, marital status,
and education at birth of each child; (2) child sex and birth order; and (3) second-hand smoke exposure
during pregnancy by the father and qualification for food stamps of the families at the time of delivery.
The information on families’ qualification for food stamps was used to control for other maternal and
family characteristics that could potentially confound the association of SDP and behavioral symptoms.
Birth order correlated significantly and negatively with age (r = −0.87) leading to a multicollinearity
problem when modeling these data. Consistent with previous studies [12,21,22], birth order was
included as a covariate rather than age because most of the mothers (64%) smoked during the first
pregnancy but not during the second.
2.4. Statistical Analysis
In this sibling comparison study, we used SAS PROC MIXED (SAS 9.4 System. Cary, NC, USA, SAS
Institute Inc) in fitting a series of hierarchical linear models to account for non-independence of data.
Hierarchical linear models allow for examination of both the within- and between-family associations
of SDP with child behavior. Our approach was identical to previous MO-MATCH studies that have
similarly investigated the association between SDP and child behavioral outcomes [12,21,22,37].
First, an unconditional “intercept-only” model was fit to the data to decompose the variance in
the behavior into within-family (e.g., individual child-level) and between-family (e.g., family level)
variation via intra-class correlations (ICC) [44]. ICC for between-family variation was calculated as the
(family-level variance (family-level variance + individual child-level variance)). The unconditional
model provides a baseline against which subsequent models are compared in order to understand how
much within-family (and therefore potentially causal) variance SDP and covariates explain separately
in each outcome measure.
Second, we fit a standard model to the data (Model 1). This model was used as an approximation
of the standard comparison seen in the literature, which does not capitalize on the sibling comparison
Int. J. Environ. Res. Public Health 2020, 17, 7921 6 of 12
aspect of the data or the family structure; although, this model does adjust for the nesting structure of
children within families. The covariates listed above were included in this model.
Third, the sibling comparison model was fit to the data (Model 2). This evaluates siblings,
that are discordant for exposure to SDP, within families (i.e., mother smoked [or smoked more] while
pregnant with one sibling and did not smoke (or smoked less) while pregnant with the other sibling).
The nature of the design matches the siblings for confounding familial factors. Model 2 examined
whether SDP is operating at the within-family level (e.g., contributing to differences in behavior in one
sibling vs. another, within families) or between-family level (e.g., contributing to differences in overall,
average levels of siblings’ behavior across families).
For Model 2, a “family average SDP severity score” and a “child-specific SDP severity score”
were created to specifically assess both within- and between-family associations of SDP and outcome
measures [31]. The “child-specific SDP severity” assessed the within-family effect of SDP on outcome
measures, which is a test of any unique effect of SDP on child specific outcomes over and above
familial and genetic factors that siblings share. The average score for SDP severity across both siblings
was used to obtain a “family average SDP severity score” for each family, which was used to assess
the between-family effect of SDP on outcome measures. “Child-specific SDP severity” for each child
was the resulting value when the “family average SDP severity score” was subtracted from each
child’s “SDP severity score” used in Model 1 (i.e., within-family centering). Thus, the sibling for
whom mothers smoked (or smoked more) would have a positive score of “child-specific SDP severity,”
whereas the sibling for whom mothers did not smoke (or smoked less) would have a negative score of
the same magnitude.
The detailed hierarchical linear model equation used for Model 2 can be found in Knopik et al. [21].
In Model 2, the “child-specific SDP severity” score was entered as a level 1 predictor, and the family
average SDP severity score was entered as a level 2 predictor. The covariates were included into
the Model 2 in the following way: the covariates that differed for siblings 1 and 2 (mother age at
childbirth, mothers’ education at childbirth, child sex, secondhand smoke exposure, food stamp
use at childbirth) were separated into child-specific scores relative to family average and family
average components, similar to SDP as described above [12,21,22,37]. Thus, we controlled for both the
within- and between-family effects of covariates (with separate child-specific variables). Within-family
covariates were also centered as such. Marital status did not differ for any siblings within a family,
and thus was not separated into within- and between-family components.
In sum, we fit one unconditional model and two conditional models (Models 1 and 2) for each
outcome variable. In order to quantify how much of the within-family variance is explained by
each conditional model, we computed the percentage of the (within-family) variance explained:
((unconditional individual child-level variance—conditional, e.g., Model 1, individual child-level
variance)/unconditional individual child-level variance) [45].
3. Results
The findings between SDP-symptom severity and directionality scores, including more specific
information e.g., on between-family effects and percentage of the within-family variance explained by
each conditional model, are summarized in Table 2. The results of sensitivity analyses of SDP and the
separate externalizing and internalizing multi-rater scores are presented in Supplementary Table S1.
Consistent with our previous works [12,21,22,37], the results of the sensitivity analyses that incorporate
multiple alternative measurements of SDP are presented in Supplementary Table S2. Child sex was
generally a significant predictor throughout the models.
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b SE b SE b SE b SE b SE b SE
Intercept <0.01 0.06 <−0.01 0.48 0.26 0.48 <0.01 0.06 −0.02 0.46 0.88 0.56
SDP
Child-specific SDP 0.04 0.03 0.03 0.03 0.06 † 0.03 0.07 * 0.03
Family average SDP 0.13 * 0.06 0.05 0.06
Controls
Child-specific sex −0.28 * 0.1 −0.27 * 0.12 −0.23 * 0.10 −0.18 0.13
Family average sex −0.29 0.18 −0.35 † 0.18
Birth order 0.04 0.12 0.04 0.21 0.38 * 0.10 0.23 0.20
Child-specific mother education <0.01 0.03 0.08 0.06 <0.01 0.03 0.07 0.06
Family average mother education −0.03 0.04 −0.02 0.04
Child-specific mother age <−0.01 0.01 −0.02 0.05 −0.01 0.03 0.04 0.06
Family average mother age <0.01 0.01 −0.01 0.01
Mother marital status 0.08 0.18 0.07 0.18 −0.12 0.19 −0.10 0.20
Child-specific food stamps 0.24 0.18 0.45 * 0.22 −0.06 0.19 −0.08 0.27
Family average food stamps 0.01 0.21 −0.09 0.27
Child-specific Second-hand smoke exposure 0.07 0.04 0.09 0.08 <0.01 0.04 −0.03 0.07
Family average Second-hand smoke exposure 0.04 0.05 0.03 0.05
Variance
Family-level 0.29 * 0.38 0.41 * 0.15 * 0.70 * 0.39 *
Random-effect on SDP 0.02 0.02 0.05 * 0.04 *
Individual-level (residual) 0.71 * 0.44 * 0.42 * 0.85 * 0.30 * 0.34 *
% within-family variance explained beyond
unconditional model 38.22% 41.29% 64.59% 60.55%
Model Fit
−2 Res Ln L 923.1 772.1 782.4 933.1 759.7 775.9
AIC 927.1 780.1 790.4 937.1 767.7 783.9
* p < 0.05, † p < 0.10. In the Sibling-comparison model, parameters are “child-specific” relative to family average.
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3.1. Symptom Severity
As noted above, the severity score represents symptom severity, regardless of whether the
symptoms fall on the internalizing versus externalizing spectrum. A high severity score indicates
high levels of problems, whereas a low severity score indicates low levels of problems regardless of
type. The variance in the unconditional model for symptoms severity was primarily a function of
differences between siblings (within-family variability 71%) rather than differences across families
(between-family differences 29%). SDP and symptom severity was not significantly associated in the
standard (Model 1; b = 0.04, p = 0.13) nor in the sibling comparison model (Model 2; b = 0.03, p = 0.40).
3.2. Symptom Directionality
As previously discussed, the directionality score represents what differentiates externalizing from
internalizing scores. High positive directionality scores indicate a propensity toward externalizing
symptoms and high negative directionality scores indicate a propensity toward internalizing symptoms.
The variance in symptom directionality was primarily a function of within-family variability 85%
(differences between siblings) rather than between-family differences 15% (difference across families).
A trend-level association between SDP and directionality (b = 0.06, p = 0.06) was found in the standard
model (Model 1). However, a significant within-family effect of SDP on symptom directionality
(b = 0.07, p = 0.04) was shown in the sibling comparison model (Model 2). The positive association
with the directionality score indicates that SDP was associated with symptom differentiation toward
externalizing symptoms compared to internalizing symptoms.
3.3. Sensitivity Analyses
The sensitivity analyses were performed by using the separate externalizing and internalizing
multi-rater scores instead of severity and directionality scores. As expected, SDP predicted greater
externalizing behavior in the standard model (Model 1; b = 0.10, p = 0.01) as well as in the sibling
comparison model (Model 2; b = 0.09, p = 0.03). SDP severity was not associated with internalizing
behavior in the standard (Model 1) nor the sibling comparison model (Model 2) (Supplementary Table S1).
In sum, the sensitivity analyses that considered the effect of different definitions of SDP on the outcome
measures showed a similar pattern of results (Supplementary Table S2).
4. Discussion
In this genetically informed study that included sibling pairs discordant for exposure to SDP,
we were able to examine the association between SDP and (I) severity and (II) directionality of
externalizing and internalizing behavior assessed using multiple raters (i.e., parents and teachers).
SDP was associated with positive directionality scores, meaning that SDP predicted differentiation
of behavior problems toward externalizing behavior. However, there was no effect of SDP on the
severity score, meaning that SDP did not associate with combined symptom severity of externalizing
and internalizing behavior. This pattern of results remained in sensitivity analysis. Overall, the current
study using a genetically informed approach provides additional evidence that SDP is linked with
later externalizing behavior even after accounting for the epidemiological comorbidity of externalizing
and internalizing behavior.
A unique aspect of this study compared to previous studies was the use of severity and directionality
scores to be able to account for co-morbidity of externalizing and internalizing behavior that occurs
within-individuals. The main findings of the effect of SDP on severity and directionality are rational
and are in line with the findings from previous studies [7–15] and the sensitivity analyses of this
current study with more traditional externalizing and internalizing outcome measures, i.e., SDP has
been associated with externalizing behavior but not with internalizing behavior. That SDP predicted
differentiation towards externalizing symptoms is consistent with the generalist gene and specialist
environments hypothesis, which suggests that genetic influences should be more predictive of
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severity of problems and comorbidity, whereas environmental influences should explain their
divergence [28,46,47]. Here, we find support that SDP may be a specific environmental influence
serving to nudge individuals down developmental trajectories that are more externalizing in nature,
perhaps through impairments in brain regions that are linked to behavioral disinhibition (a hallmark
of externalizing but not internalizing problems) [48]. Interestingly, the only other predictor of
directionality of internalizing/externalizing symptoms in the literature was also a prenatal influence:
obstetric complications predicted a preponderance of internalizing relative to externalizing problems.
In the context of genetic risk and marital hostility [29], our findings contribute support for an
emerging hypothesis that prenatal exposures may be particularly important for understanding the
directionality of symptoms in childhood and adolescence [28]. The lack of finding for severity is
consistent with the idea that SDP affects underlying neural structures as described above, but that it
takes some other developmental influence (e.g., generalist genes) to push youth towards exhibiting
more severe symptoms.
A major strength of this study is the use of a family study, specifically designed to examine the
effects of SDP on child behavior and to control for familial confounds, including genetic influences.
Thus, our findings bolster the expanding literature showing the need for genetically informed studies,
as well as studies that account for behavioral co-morbidity to disentangle the true effect of SDP on
later behavior.
We note the following limitations that should be considered when interpreting the results of
the current study. First, the information on SDP was based on maternal self-report, which generally
underestimates the true prevalence of SDP [49]. Further, there may be a risk for recall bias when
assessing specific details about the quantity of SDP [50]. However, the retrospective report of SDP
has been shown to be reliable in this particular study population [34]. In addition, our results were
consistent in the sensitivity analyses that utilized varying SDP measures that differentially considered
amount, timing, and duration of SDP.
Second, parents reported on both SDP and child behavior, which may introduce measurement bias.
This potential bias further highlights the need for including both parent and teacher reports of behavior.
Third, we are aware that while the sensitivity analyses were consistent with our hypothesized findings,
our results do not survive a conservative Bonferroni correction. Finally, we chose the covariates
based on previous genetically informed studies examining externalizing and internalizing behavior,
but there are undoubtedly other factors that differ between siblings and hence may influence the
sibling comparison [19].
5. Conclusions
In conclusion, the significant finding between SDP and a positive symptom directionality score,
interpreted as a symptom differentiation toward externalizing symptoms, supports a potentially causal
relationship between SDP and externalizing behavior. However, this finding should be interpreted
cautiously given the study limitations. Nonetheless, this study suggests that it is too early to state that
there is no association between SDP and later externalizing behavior, particularly when considered the
negative effect of SDP on fetal brain development. Consistent with the few studies to date, our results
do not support an association between SDP and internalizing behavior.
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Table S1: Full results, Table S2: Sensitivity analyses.
Author Contributions: All authors contributed to the conceptualization and methodology of the study. Software,
M.O.E., K.M. and V.S.K.; validation, M.O.E., K.M. and V.S.K.; formal analysis, M.O.E., K.M. and V.S.K.;
investigation, all authors; resources, V.S.K.; data curation, M.O.E., K.M. and V.S.K.; writing—original draft
preparation, M.O.E.; writing—review and editing, all authors.; visualization, M.O.E.; supervision, K.M. and V.S.K.;
project administration, V.S.K.; funding acquisition, M.O.E. and V.S.K. All authors have read and agreed to the
published version of the manuscript.
Funding: This research was funded by the Foundation for Pediatric Research (Finland, to M.O.E.), the Orion
Research Foundation sr (to M.O.E.), the Emil Aaltonen Foundation (to M.O.E.), the Paulo Foundation (to M.O.E.),
Int. J. Environ. Res. Public Health 2020, 17, 7921 10 of 12
the Maud Kuistila Memorial Foundation (to M.O.E.), and the Turku University Hospital Research Foundation
(to M.O.E.), and the National Institute of Health; Grant numbers: DA023134 (V.S.K.), DA17671 (V.S.K.), AA07728
(A.C.H.), AA09022 (A.C.H.), AA11998 (A.C.H.), HD049024 (A.C.H.), AA017688 (A.C.H.), AA021492 (A.C.H.),
R01DA04272 (R.H.C.P.), K01DA039288 (K.M.).
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.
References
1. Ekblad, M.; Gissler, M.; Korkeila, J.; Lehtonen, L. Trends and risk groups for smoking during pregnancy in
Finland and other Nordic countries. Eur. J. Public Health 2014, 24, 544–551. [CrossRef]
2. Wallin, H.P.; Gissler, M.; Korhonen, P.E.; Ekblad, M.O. Maternal Smoking and Hospital Treatment During
Pregnancy. Nicotine Tob. Res. 2020, 22, 1162–1169. [CrossRef]
3. Anderson, T.M.; Ferres, J.M.; Ren, S.Y.; Moon, R.Y.; Goldstein, R.D.; Ramirez, J.M.; Mitchell, E.A. Maternal
Smoking Before and During Pregnancy and the Risk of Sudden Unexpected Infant Death. Pediatrics 2019,
143, e20183325. [CrossRef] [PubMed]
4. Knopik, V.S. Maternal smoking during pregnancy and child outcomes: Real or spurious effect?
Dev. Neuropsychol. 2009, 34, 1–36. [CrossRef] [PubMed]
5. Ekblad, M.; Korkeila, J.; Lehtonen, L. Smoking during pregnancy affects foetal brain development.
Acta Paediatr. 2015, 104, 12–18. [CrossRef] [PubMed]
6. Bublitz, M.H.; Stroud, L.R. Maternal smoking during pregnancy and offspring brain structure and function:
Review and agenda for future research. Nicotine Tob. Res. 2012, 14, 388–397. [CrossRef]
7. Ekblad, M.; Lehtonen, L.; Korkeila, J.; Gissler, M. Maternal Smoking During Pregnancy and the Risk of
Psychiatric Morbidity in Singleton Sibling Pairs. Nicotine Tob. Res. 2017, 19, 597–604. [CrossRef] [PubMed]
8. Sutin, A.R.; Flynn, H.A.; Terracciano, A. Maternal cigarette smoking during pregnancy and the trajectory
of externalizing and internalizing symptoms across childhood: Similarities and differences across parent,
teacher, and self reports. J. Psychiatr. Res. 2017, 91, 145–148. [CrossRef] [PubMed]
9. Palmer, R.H.; Bidwell, L.C.; Heath, A.C.; Brick, L.A.; Madden, P.A.; Knopik, V.S. Effects of Maternal Smoking
during Pregnancy on Offspring Externalizing Problems: Contextual Effects in a Sample of Female Twins.
Behav. Genet. 2016, 46, 403–415. [CrossRef] [PubMed]
10. Dolan, C.V.; Geels, L.; Vink, J.M.; van Beijsterveldt, C.E.; Neale, M.C.; Bartels, M.; Boomsma, D.I. Testing
Causal Effects of Maternal Smoking During Pregnancy on Offspring’s Externalizing and Internalizing
Behavior. Behav. Genet. 2016, 46, 378–388. [CrossRef]
11. Estabrook, R.; Massey, S.H.; Clark, C.A.; Burns, J.L.; Mustanski, B.S.; Cook, E.H.; O’Brien, T.C.; Makowski, B.;
Espy, K.A.; Wakschlag, L.S. Separating Family-Level and Direct Exposure Effects of Smoking During
Pregnancy on Offspring Externalizing Symptoms: Bridging the Behavior Genetic and Behavior Teratologic
Divide. Behav. Genet. 2016, 46, 389–402. [CrossRef] [PubMed]
12. Ekblad, M.; Rolan, E.; Marceau, K.; Palmer, R.; Todorov, A.; Heath, A.; Knopik, V. Disruptive Behavior
in Siblings Discordant for Exposure to Maternal Smoking during Pregnancy: A Multi-rater approach.
Nicotine Tob. Res. 2020, 22, 1330–1338. [CrossRef] [PubMed]
13. Ashford, J.; van Lier, P.A.; Timmermans, M.; Cuijpers, P.; Koot, H.M. Prenatal smoking and internalizing
and externalizing problems in children studied from childhood to late adolescence. J. Am. Acad. Child
Adolesc. Psychiatry 2008, 47, 779–787. [CrossRef] [PubMed]
14. Moylan, S.; Gustavson, K.; Overland, S.; Karevold, E.B.; Jacka, F.N.; Pasco, J.A.; Berk, M. The impact of
maternal smoking during pregnancy on depressive and anxiety behaviors in children: The Norwegian
Mother and Child Cohort Study. BMC Med. 2015, 13, 24. [CrossRef]
15. Meier, S.M.; Plessen, K.J.; Verhulst, F.; Mors, O.; Mortensen, P.B.; Pedersen, C.B.; Agerbo, E. Familial
confounding of the association between maternal smoking during pregnancy and internalizing disorders in
offspring. Psychol. Med. 2017, 1–10. [CrossRef]
16. Liu, J. Childhood externalizing behavior: Theory and implications. J. Child Adolesc. Psychiatr. Nurs. 2004, 17,
93–103. [CrossRef]
Int. J. Environ. Res. Public Health 2020, 17, 7921 11 of 12
17. Dekker, M.C.; Ferdinand, R.F.; van Lang, N.D.; Bongers, I.L.; van der Ende, J.; Verhulst, F.C. Developmental
trajectories of depressive symptoms from early childhood to late adolescence: Gender differences and adult
outcome. J. Child Psychol. Psychiatry 2007, 48, 657–666. [CrossRef]
18. D’Onofrio, B.M.; Lahey, B.B.; Turkheimer, E.; Lichtenstein, P. Critical need for family-based,
quasi-experimental designs in integrating genetic and social science research. Am J Public Health 2013,
103 (Suppl. 1), S46–S55. [CrossRef]
19. D’Onofrio, B.M.; Van Hulle, C.A.; Waldman, I.D.; Rodgers, J.L.; Harden, K.P.; Rathouz, P.J.; Lahey, B.B.
Smoking during pregnancy and offspring externalizing problems: An exploration of genetic and
environmental confounds. Dev. Psychopathol. 2008, 20, 139–164. [CrossRef]
20. Ellingson, J.M.; Goodnight, J.A.; Van Hulle, C.A.; Waldman, I.D.; D’Onofrio, B.M. A sibling-comparison study
of smoking during pregnancy and childhood psychological traits. Behav. Genet. 2014, 44, 25–35. [CrossRef]
21. Knopik, V.S.; Marceau, K.; Bidwell, L.C.; Palmer, R.H.; Smith, T.F.; Todorov, A.; Evans, A.S.; Heath, A.C.
Smoking during pregnancy and ADHD risk: A genetically informed, multiple-rater approach. Am. J. Med.
Genet. B Neuropsychiatr. Genet. 2016, 171, 971–981. [CrossRef] [PubMed]
22. Marceau, K.; Bidwell, L.C.; Karoly, H.C.; Evans, A.S.; Todorov, A.A.; Palmer, R.H.; Heath, A.C.; Knopik, V.S.
Within-Family Effects of Smoking during Pregnancy on ADHD: The Importance of Phenotype. J. Abnorm.
Child Psychol. 2018, 46, 685–699. [CrossRef] [PubMed]
23. McKinney, C.; Morse, M. Assessment of Disruptive Behavior Disorders: Tools and Recommendations.
Prof. Psychol. Res. Pract. 2012. [CrossRef]
24. Essex, M.J.; Kraemer, H.C.; Armstrong, J.M.; Boyce, W.T.; Goldsmith, H.H.; Klein, M.H.; Woodward, H.;
Kupfer, D.J. Exploring risk factors for the emergence of children’s mental health problems.
Arch. Gen. Psychiatry 2006, 63, 1246–1256. [CrossRef]
25. Stanger, C.; Lewis, M. Agreement Among Parents, Teachers, and Children on Internalizing and Externalizing
Behavior Problems. J. Clin. Child Psychol. 1993, 22, 107–116. [CrossRef]
26. Willner, C.J.; Gatzke-Kopp, L.M.; Bray, B.C. The dynamics of internalizing and externalizing comorbidity
across the early school years. Dev. Psychopathol. 2016, 28, 1033–1052. [CrossRef] [PubMed]
27. Essex, M.J.; Klein, M.H.; Cho, E.; Kraemer, H.C. Exposure to maternal depression and marital conflict:
Gender differences in children’s later mental health symptoms. J. Am. Acad. Child. Adolesc. Psychiatry 2003,
42, 728–737. [CrossRef]
28. Marceau, K.; Neiderhiser, J.M. Generalist genes and specialist environments for adolescent internalizing and
externalizing problems: A test of severity and directionality. Dev. Psychopathol. 2020. [CrossRef]
29. Neiderhiser, J.M.; Marceau, K.; De Araujo-Greecher, M.; Ganiban, J.M.; Mayes, L.C.; Shaw, D.S.; Reiss, D.;
Leve, L.D. Estimating the Roles of Genetic Risk, Perinatal Risk, and Marital Hostility on Early Childhood
Adjustment: Medical Records and Self-Reports. Behav. Genet. 2016, 46, 334–352. [CrossRef]
30. Knopik, V.S.; Heath, A.C.; Marceau, K.; Palmer, R.H.; McGeary, J.E.; Todorov, A.; Evans, A.S. Missouri
Mothers and Their Children: A Family Study of the Effects of Genetics and the Prenatal Environment.
Twin Res. Hum. Genet. 2015, 18, 485–496. [CrossRef]
31. Ryan, H.; Trosclair, A.; Gfroerer, J. Adult current smoking: Differences in definitions and prevalence
estimates—NHIS and NSDUH, 2008. J. Environ. Public Health 2012, 2012, 918368. [CrossRef]
32. Todd, R.D.; Joyner, C.A.; Heath, A.C.; Neuman, R.J.; Reich, W. Reliability and stability of a semistructured
DSM-IV interview designed for family studies. J. Am. Acad. Child Adolesc. Psychiatry 2003, 42, 1460–1468.
[CrossRef]
33. Reich, W.; Todd, R.D.; Joyner, C.A.; Neuman, R.J.; Heath, A.C. Reliability and stability of mothers’ reports
about their pregnancies with twins. Twin Res. 2003, 6, 85–88. [CrossRef] [PubMed]
34. Knopik, V.S.; Marceau, K.; Palmer, R.H.; Smith, T.F.; Heath, A.C. Maternal Smoking During Pregnancy and
Offspring Birth Weight: A Genetically-Informed Approach Comparing Multiple Raters. Behav. Genet. 2016,
46, 353–364. [CrossRef]
35. Hebel, J.R.; Fox, N.L.; Sexton, M. Dose-response of birth weight to various measures of maternal smoking
during pregnancy. J. Clin. Epidemiol. 1988, 41, 483–489. [CrossRef]
36. Dwyer, J.B.; McQuown, S.C.; Leslie, F.M. The dynamic effects of nicotine on the developing brain.
Pharmacol. Ther. 2009, 122, 125–139. [CrossRef] [PubMed]
Int. J. Environ. Res. Public Health 2020, 17, 7921 12 of 12
37. Micalizzi, L.; Marceau, K.; Brick, L.A.; Palmer, R.H.; Todorov, A.A.; Heath, A.C.; Evans, A.; Knopik, V.S.
Inhibitory control in siblings discordant for exposure to maternal smoking during pregnancy. Dev. Psychol.
2018, 54, 199–208. [CrossRef]
38. Achenbach, T. Manual for the Child Behavior Checklist/4–18 and 1991 Profile; Department of Psychiatry,
University of Vermont: Burlington, VT, USA, 1991.
39. Achenbach, T. Manual of the Teacher’s Report Form and 1991 Profile; Department of Psychiatry, University of
Vermont: Burlington, VT, USA, 1991.
40. Achenbach, T.; Rescorla, L.A. Manual for the ASEBA School-Age Forms & Profiles; Department of Psychiatry,
University of Vermont: Burlington, VT, USA, 1991.
41. Lahey, B.B.; Lee, S.S.; Sibley, M.H.; Applegate, B.; Molina, B.S.G.; Pelham, W.E. Predictors of adolescent
outcomes among 4-6-year-old children with attention-deficit/hyperactivity disorder. J. Abnorm. Psychol.
2016, 125, 168–181. [CrossRef]
42. Piacentini, J.C.; Cohen, P.; Cohen, J. Combining discrepant diagnostic information from multiple sources:
Are complex algorithms better than simple ones? J. Abnorm. Child Psychol. 1992, 20, 51–63. [CrossRef]
43. Skoglund, C.; Chen, Q.; D’Onofrio, B.M.; Lichtenstein, P.; Larsson, H. Familial confounding of the association
between maternal smoking during pregnancy and ADHD in offspring. J. Child Psychol. Psychiatry 2014, 55,
61–68. [CrossRef]
44. Snijders, T.A.B.; Bosker, R.J. Multilevel Analysis: An Introduction to Basic and Advanced Multilevel Modeling;
Sage Publications: London, UK, 1999; p. viii.
45. Singer, J. Using SAS PROC MIXED to fit multilevel models, hierarchical models, and individual growth
models. J. Educ. Behav. Stat. 1998, 23, 232–255. [CrossRef]
46. Rhee, S.H.; Lahey, B.B.; Waldman, I.D. Comorbidity Among Dimensions of Childhood Psychopathology:
Converging Evidence from Behavior Genetics. Child Dev. Perspect. 2015, 9, 26–31. [CrossRef]
47. Plomin, R.; Kovas, Y. Generalist genes and learning disabilities. Psychol. Bull. 2005, 131, 592–617. [CrossRef]
[PubMed]
48. Bos, M.G.N.; Wierenga, L.M.; Blankenstein, N.E.; Schreuders, E.; Tamnes, C.K.; Crone, E.A. Longitudinal
structural brain development and externalizing behavior in adolescence. J. Child Psychol. Psychiatry 2018, 59,
1061–1072. [CrossRef] [PubMed]
49. Shipton, D.; Tappin, D.M.; Vadiveloo, T.; Crossley, J.A.; Aitken, D.A.; Chalmers, J. Reliability of self reported
smoking status by pregnant women for estimating smoking prevalence: A retrospective, cross sectional
study. BMJ 2009, 339, b4347. [CrossRef] [PubMed]
50. Pickett, K.E.; Kasza, K.; Biesecker, G.; Wright, R.J.; Wakschlag, L.S. Women who remember, women who
do not: A methodological study of maternal recall of smoking in pregnancy. Nicotine Tob. Res. 2009, 11,
1166–1174. [CrossRef]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
